We demonstrate the nondestructive imaging of a lattice gas of ultracold bosons. Atomic fluorescence is induced in the simultaneous presence of degenerate Raman sideband cooling. The combined influence of these processes controllably cycles an atom between a dark state and a fluorescing state while eliminating heating and loss. Through spatially resolved sideband spectroscopy following the imaging sequence, we demonstrate the efficacy of this imaging technique in various regimes of lattice depth and fluorescence acquisition rate. Our work provides an important extension of quantum gas imaging to the nondestructive detection, control and manipulation of atoms in optical lattices. In addition, our technique can also be extended to atomic species that are less amenable to molasses-based lattice imaging.
We demonstrate the nondestructive imaging of a lattice gas of ultracold bosons. Atomic fluorescence is induced in the simultaneous presence of degenerate Raman sideband cooling. The combined influence of these processes controllably cycles an atom between a dark state and a fluorescing state while eliminating heating and loss. Through spatially resolved sideband spectroscopy following the imaging sequence, we demonstrate the efficacy of this imaging technique in various regimes of lattice depth and fluorescence acquisition rate. Our work provides an important extension of quantum gas imaging to the nondestructive detection, control and manipulation of atoms in optical lattices. In addition, our technique can also be extended to atomic species that are less amenable to molasses-based lattice imaging. The creation, control and manipulation of ultracold atomic gases in tailored optical potentials has spurred enormous interest in harnessing these mesoscopic quantum systems to the realization of ultracold analogues of correlated electronic materials [1, 2] , studies of nonequilibrium dynamics in isolated quantum many-body systems [3] and quantum metrology [4] . The dilute nature of these gases and the weak interactions impose stringent restrictions on the energy, entropy and means of manipulating and probing these systems. This has led to the development of novel techniques to cool and image these gases at ever increasing levels of precision and resolution. In this context, the in situ imaging of lattice gases at high spatial resolution has emerged as a powerful tool for the study of Hubbard models [5] [6] [7] [8] and quantum information processing [9] .
Here, we demonstrate a nondestructive imaging technique for ultracold lattice gases. The scheme relies on extracting fluorescence from the atoms while simultaneously cooling them to the lowest band of the lattice via Raman sideband cooling (RSC) [10] [11] [12] . Through a combination of sideband spectroscopy and time-of-flight measurements, we demonstrate broad regimes of fluorescence acquisition rates and lattice depths for which the imaging scheme preserves the spatial location, the spin state and the vibrational occupancy of the lattice gas.
The principle of the imaging sequence is depicted in Fig. 1 . Raman sideband cooling is employed to cool individual atoms within an optical lattice to the lowest vibrational band while simultaneously pumping the atoms to the high field seeking state. In the case of 87 Rb atoms used in our study, this state is denoted by |g = |F = 1, m F = 1; ν = 0 where ν is the vibrational state of the atom within a lattice site. Importantly, this state is a dark state with respect to the optical fields used for Raman cooling. As such, the atoms do not emit any fluorescence while in this ground state. Fluorescence is induced in these atoms by shining a circularly polarized (σ − ) beam resonant with the F = 1 → F = 0 (D2) transition. Simultaneous use of RSC mitigates the increase in temperature caused by this fluorescence beam by cycling the atoms back to |g . Due to this cycling, fluorescence can be repeatedly extracted from the atomic distribution while leaving the atom in its original state.
For the studies described below, we use 3D optical lattices that are typically detuned 2π × 160 GHz from the F = 1 → F (D2) transition of 87 Rb. The lattice provides both the confining potential as well as the coherent twophoton coupling required for sideband cooling [13] . In the absence of RSC, we measure a heating rate of 11 nK/ms due to the photon scattering from the near-resonant lattice. While this does not pose a limitation for the studies described in this work, this heating can be significantly reduced by employing separate optical fields to provide the lattice confinement and the Raman coupling.
Atoms are loaded into this lattice and initialized in the ground state |g by a 10 ms period of RSC. Based on measurements of the atomic density within the lattice, we estimate filling fractions on the order of f =0.20 -0.25. The average vibrational occupation number is measured using sideband spectroscopy to be n ≤ 0.01 for the entire range of lattice depths studied here. Fluorescence images are acquired by switching on the fluorescence beam at a variable intensity. The images are acquired within exposure times of up to 30 ms following which the number of atoms and temperature of the atomic distribution are measured using a combination of time-of-flight absorption imaging and sideband spectroscopy.
We perform sideband spectroscopy to accurately quantify local changes in temperature due to fluorescence imaging.
For this, we employ a pair of counterpropagating beams detuned 2π × 7.5 GHz from the F = 1 → F (D2) transition of 87 Rb. The beams are focused to an approximate waist of 8 µm. The measured sideband asymmetry [14] allows a local extraction of the vibrational occupation number (Fig. 2 ). An oblique orientation of these beams with respect to the lattice coordinates ensures sensitivity of the sideband spectra to atomic motion in all three dimensions. The two-photon pulses are typically 500 µs in duration with typical pump arXiv:1404.5583v1 [cond-mat.quant-gas] 22 Apr 2014 (probe) powers of 10 µW (20 nW). We have verified that the vibrational occupation number extracted from the sideband spectra is consistent with temperatures measured by time-of-flight imaging following a rapid (< 1 µs) extinction of the lattice [15] . Also, the observed width of the sidebands is consistent with our estimate of the coherent Raman coupling induced by the near-resonant lattice.
Our imaging scheme, as constructed, relies on the competition between two processes : Atomic fluorescence at a rate Γ f that yields spatial information about the atomic distribution, and RSC at a cooling rate Γ RSC that serves to cool the atoms back to the ground state within each lattice site. While the former depends solely on the intensity of the fluorescence beam, the latter is given by
where Ω R is the coherent Raman coupling between the states |m F , ν and |m F − 1, ν − 1 , and Γ opt is the rate of optical pumping to the |m F = +1 state [16] . As the fluorescence rate is increased significantly beyond the cooling rate, atoms can be promoted to higher bands within the lattice and can tunnel to neighboring sites. In addition to modifying the atomic distribution, such tunneling can also lead to multiply occupied lattice sites and subsequent loss due to light-induced collisions.
To identify the regimes of imaging where the scheme is nondestructive, we use light-induced collisional loss as a diagnostic tool to monitor atomic tunneling across lattice sites. Further, in order to clearly demarcate atomic dynamics due to the fluorescence pulse from that due to RSC, we employ a pulsed imaging sequence wherein the fluorescence pulse and RSC are employed in rapid succession with a variable duty cycle. As expected, the average vibrational occupation number measured at the end of the fluorescence pulse grows with increasing fluorescence rate (Fig. 3(a) ). However, RSC is very efficient at cooling the atoms back to the ground state at the end of each cycle. At the end of each RSC cycle, we measure average vibrational occupation numbers (∼ 0.01) that are, within our measurement uncertainty, indistinguishable from those measured in the absence of the fluorescence pulse (Fig. 2) . The typical measured RSC cooling rates of 13 µK/ms are also consistent with that estimated based on the intensities of the lattice and optical pumping beams.
While simultaneous cooling during fluorescence acquisition leaves the final vibrational occupation unaltered, the transient increase in temperature during the fluorescence pulse can cause tunneling of atoms to neighbouring lattice sites. This tunneling rate depends sensitively on both the average vibrational occupation number as well as the lattice depth U 0 , typically parametrized in units of the recoil energy E r = 2 k 2 /2m. At low rates of fluorescence acquisition [17] , we observe that the total number of atoms is left unchanged subsequent to the imaging sequence indicating a negligible level of tunneling across sites. Beyond a certain fluorescence rate Γ f,max , we observe two-body loss indicating the onset of tunneling of atoms ( Fig. 3 (b) ). As indicated by the rapid decrease of atoms for fluorescence rates past this maximal value, two-body loss is a very sensitive measure of the tunneling rates induced by the imaging sequence (see also [18, 19] ). The temporal evolution of the atom number following a brief, intense fluorescence pulse indicates that RSC cools and binds the atoms to the ground state of a lattice site within 100 µs (see inset of Fig. 3(b) ), again consistent with measurements of the cooling rate.
We have performed Monte-Carlo simulations of the imaging process that accurately capture the sensitivity of two-body loss to tunneling events and the threshold behavior arising from the competition of imaging, RSC and tunneling. For the filling fractions used in this work (0.20 -0.25), the measured critical fluorescence rate, Γ f,max , as identified by the onset of light-induced loss, is within 20% of the critical fluorescence rate for the onset of tunneling. We further find that the filling fraction needs to be reduced by more than an order of magnitude before there is a significant probability of tunneling events that do not lead to measurable loss. These findings justify the correspondence between the onset of tunneling in the lattice gas and our measured onset of two-body loss.
Similar considerations apply to the imaging of atoms in shallow optical lattices (Fig. 4) . In this case, the rates of tunneling grow exponentially with decreasing lattice depth [20, 21] . This leads to a reduction of the maximal fluorescence rates that can be used while constraining atomic motion. As expected, an estimate of this maximum allowable fluorescence rate shows an exponential decrease with lower lattice depths (see inset of Fig. 4) . Importantly, we see that fluorescence acquistion rates greater than 10 4 photons/s per atom are possible even for lattice depths around 15 recoil energies. This makes possible the use of this imaging technique to study lattice gases in regimes where coherent tunneling of atoms within the lowest band occurs on experimentally relevant timescales. In addition, it augurs the intriguing possibility of using this imaging scheme to influence or exert spatial control over such coherent tunneling processes. Nondestructive imaging of atoms in even lower lattice depths could be made possible by increasing the Raman cooling rates and operating at lower fluorescence acquisition rates.
At the lowest lattice depths, possible limitations to our imaging scheme include the reduced fidelity of RSC due to a lower Lamb-Dicke parameter and off-resonant Raman coupling to higher vibrational bands, an increased susceptibility to photon reabsorption heating [22] and faster rates of tunneling to neighbouring lattice sites. As we show in Fig. 4 , these limitations can be overcome by a suitable choice of fluorescence acquisition rate and Raman cooling rates. Already, the lowest lattice depth (s ∼ 15) for which we demonstrate nondestructive imaging is more than two orders of magnitude below that required for molasses-based lattice imaging.
In summary, we demonstrate a nondestructive imaging technique for ultracold atoms confined in an optical lattice. The imaging technique is based on extracting fluorescence while simultaneously cooling the atoms to the ground state of the lattice via Raman sideband cooling. Using a combination of sideband spectroscopy and time-of-flight imaging, we demonstrate a large operational regime of fluorescence acquisition rates and lattice depths for which the imaging scheme preserves the As the fluorescence rate is increased, the increasing temperature during the fluorescence pulse causes tunneling followed by light-induced loss. The shaded area represents the critical fluorescence rate for the onset of tunneling as identified by our measurements of light-induced loss. Inset: Evolution of atom number immediately following an intense fluorescence pulse (Γ f = 6 × 10 5 s −1 ) shows that RSC quickly (within 100 µs) binds the atoms to the ground state of a lattice site thereby drastically suppressing tunneling.
spatial location, the spin state as well as the vibrational occupation of the atoms. At the largest rates of fluorescence acquisition (∼ 10 6 photons/s/atom) and the lowest lattice depths, the main loss mechanism occurs due to tunneling of atoms to occupied lattice sites followed by rapid light-induced loss. By using the light-induced loss as a diagnostic measure of tunneling, we show that this limitation can be alleviated by a suitable choice of fluorescence and Raman cooling rates. That said, we note that the imaging scheme demonstrated here does lead to lightinduced loss in lattice sites occupied by multiple atoms. In this regard, it is similar to molasses-based imaging in its sensitivity to the 'parity' of lattice occupancy.
Our imaging technique represents a powerful extension of lattice imaging to the nondestructive control and measurement of lattice gases. As such, it is an enabling technique to extend concepts of single particle quantum control and QND measurement [23] [24] [25] to the context of strongly correlated many-body systems. This scheme also permits the continuous monitoring of the out-ofequilibrium dynamics of ultracold lattice gases. We also note that while used primarily as a diagnostic tool here, spatially resolved coherent two-photon processes such as the setup used for sideband spectroscopy in our work, can also be used for sub-diffraction limited quantum control of the lattice gas [26, 27] . Lastly, our imaging scheme is also extendable to atomic species that are less amenable to molasses based lattice imaging as well as to novel lattice geometries [28] where molasses based imaging can be stymied by local polarization gradients.
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